Abstract The study design is retrospective.
considerably less expensive than most other systems, and can achieve good deformity correction with a low loss of correction, as well as a low prevalence of associated complications and a low reoperation rate.'' In spite of the Cotrel-Dubousset (CD) surgical technique, used since the beginning of the mid 1980s, being already considered the highest level achieved in correction of scoliosis by a posterior approach, Teli et al., in 2006 , said that reports are lacking on the results of third-generation instrumentation for the treatment of NMS. Patients with neuromuscular disease and spinal deformity treated between 1984 and 2008 consecutively by the senior author (G.D.G.) with Cotrel-Dubousset instrumentation and minimum 36 months follow-up were reviewed, evaluating correction of coronal deformity, sagittal balance and pelvic obliquity, and rate of complications. 24 patients (Friedreich's ataxia, 1; cerebral palsy, 14; muscular dystrophy, 2; polio, 2; syringomyelia, 3; spinal atrophy, 2) were included. According the evidence that the study period is too long and that in more than 20 years many things changed in surgical strategy and techniques, all patients were divided in two groups: only hooks (8 patients) or hybrid construct (16 patients). Mean age was 18.1 years at surgery (range 11 years 7 months-max 31 years; in 17 cases the age at surgery time was between 10 and 20 years old; in 6 cases it was between 20 and 30 and only in 1 case was over 30 years old). Mean follow-up was 142 months (range 36-279). The most frequent patterns of scoliosis were thoracic (10 cases) and thoracolumbar (9 cases). In 8 cases we had hypokyphosis, in 6 normal kyphosis and in 9 hyperkyphosis. In 8 cases we had a normal lordosis, in 11 a hypolordosis and in 4 a hyperlordosis. In 1 case we had global T4-L4 kyphosis. In 8 cases there were also a thoracolumbar kyphosis (mean value 24°, min 20°-max 35°). The mean fusion area included 13 vertebrae (range [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] ; in 17 cases the upper end vertebra was over T4 and in 11 cases the lower end vertebra was over L4 or L5. In 7 cases the lower end vertebra was S1 to correct the pelvic obliquity. In 5 cases the severity of the deformity (mean Cobb's angle 84.2°) imposed a preoperative halo traction treatment. There were 5 anteroposterior and 19 posterior-only procedures. In 10 cases, with low bone quality, the arthrodesis was performed using iliac grafting technique while in the other (14 cases) using autologous bone graft obtained in situ from vertebral arches and spinous processes (in all 7 cases with fusion extended until S1, it was augmented with calcium phosphate). The mean correction of coronal deformity and pelvic obliquity averaged, respectively, 57.2% (min 31.8%; max 84.8%) and 58.9% (mean value preoperative, 18.43°; mean value postoperative, 7.57°; mean value at last follow-up, 7.57°). The sagittal balance was always restored, reducing hypo or hyperkyphosis and hypo or hyperlordosis. Also in presence of a global kyphosis, we observed a very good restoration (preoperatory, 65°; postoperatory, 18°kyphosis and 30°l ordosis, unmodified at last f.u.). The thoracolumbar kyphosis, when present (33.3% of our group) was always corrected to physiological values (mean 2°, min 0°-max 5°). The mean intraoperative blood lost were 2,100 cc (min 1,400, max 5,350). Major complications affected 8.3% of patients, and included 1 postoperative death and 1 deep infection. Minor complications affected none of patients. CD technique provides lasting correction of spinal deformity in patients with neuromuscular scoliosis, with a lower complications rate compared to reports on secondgeneration instrumented spinal fusion.
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Introduction
Neuromuscular scoliosis includes a wide spectrum of spinal deformities resulting from neuropathic and myopathic disorders. Kyphoscoliosis, lumbar hyperlordosis, and pelvic obliquity are characteristic features of these deformities. The treatment of these disorders remains a challenge for the spinal surgeon. The main goals of treatment are to maintain a balanced posture, maintain pulmonary function, facilitate hygiene care, and prevent painful spinal degeneration. A wide variety of disorders can lead to neuromuscular scoliosis. The Scoliosis Research Society has divided neuromuscular scoliosis into 2 types-neuropathic and myopathic. Examples of neuropathic scoliosis include upper motor neuron diseases, such as cerebral palsy, syringomyelia, and spinal cord injury, as well as lower motor neuron lesions, such as poliomyelitis and spinal muscular atrophy. Examples of myopathic scoliosis include Duchenne and Becker muscular dystrophy, arthrogryposis, and other congenital myopathies.
This kind of deformity is difficult to treat. A careful assessment and an understanding of the primary disease and its prognosis are essential for planning treatment which is aimed at maximizing function. These patients may have pelvic obliquity, dislocation of the hip, limited balance or ability to sit, back pain, and, in some cases, a serious decrease in pulmonary function. Spinal deformity is difficult to control with a brace, and it may progress even after skeletal maturity has been reached. Surgery is the main stay of treatment for selected patients. The goals of surgery are to correct the deformity producing a balanced spine with a level pelvis and a solid spinal fusion to prevent or delay secondary respiratory complications. Segmental instrumented spinal fusion with second-generation instrumentation (Luque-Galveston and unit rod constructs) has been considered the standard surgical treatment of neuromuscular deformity from 1970s to 1990s, despite major complication rates reaching 40-50% in treated patients [1] [2] [3] .
Third-generation systems, including Cotrel-Dubousset (CD) and similar designs, have changed the approach to the surgical treatment of both adolescent and adult idiopathic scoliosis. They have virtually eliminated postoperative casts or braces and lowered pseudarthrosis rates in idiopathic spinal deformity surgery. Nevertheless in 2006, almost 25 years after the introduction of CD, Teli et al. underline that ''there are few papers on the results of thirdgeneration instrumented spinal fusion for the treatment of neuromuscular scoliosis'' and in the same period Tsirikos et al. (2008) , analyzing 287 consecutive patients with neuromuscular spine deformity, said that ''the unit rod instrumentation is a common standard technique and the primary instrumentation system for the treatment of pediatric patients with cerebral palsy and neuromuscular scoliosis because it is simple to use, it is considerably less expensive than most other systems, and can achieve good deformity correction with a low loss of correction, as well as a low prevalence of associated complications and a low reoperation rate'' [2, [4] [5] [6] .
A literature review undertaken on neuromuscular scoliosis through the MEDLINE database, using ''neuromuscular scoliosis'' as the primary descriptor and limiting the sources to articles published between 2000 and 2011 evidenced 391 hits but only 19 papers were about the use of third-generation instrumented spinal fusion with a minimum 3 years follow-up.
Therefore, the purpose of this study was to present a consecutive series of patients with NMS (neuromuscular scoliosis) who were treated with the Cotrel-Dubousset instrumentation at a single institution. The goal was to S76 Eur Spine J (2011) 20 (Suppl 1):S75-S84
report the incidence of surgical complications, degree of deformity correction, reoperation rate and prevalence of pseudarthrosis.
Materials and methods
Patients with neuromuscular disease and spinal deformity treated between 1984 and 2008 consecutively by the senior author (G.D.G.) with Cotrel-Dubousset instrumentation and minimum 36 months follow-up were reviewed, evaluating correction of coronal deformity, sagittal balance and pelvic obliquity, and rate of complications. The coronal and sagittal curves were measured by the Cobb method on full spine sitting or standing (before surgery, supine traction/bending) radiographs. Pelvic obliquity was the angle described by a line tangential to both iliac crests, and a line perpendicular to the line intersecting the middle of the pedicles of L4 and L5 on the posteroanterior view [7] . Exclusion criteria were incomplete clinical and/or radiologic documentation at follow-up. According the evidence that the study period is too long and that in more than 20 years many things changed in surgical strategy and techniques, all patients were divided in two groups: only hooks (8 patients) or hybrid construct (16 patients). Table 1 summarizes the main data of the study: 24 patients (Friedreich's ataxia, 1; cerebral palsy, 14; muscular dystrophy, 2; polio, 2; syringomyelia, 3; spinal atrophy, 2) were included. Mean age was 18.1 years at surgery (range 11 years 7 months-max 31 years; in 17 cases it was between 10 and 20 years old; in 6 cases it was between 20 and 30 and only in 1 case was over 30 years old). Mean follow-up was 142 months (range 36-279). The most frequent patterns of scoliosis were thoracic (10 cases) and thoracolumbar (9 cases). In 8 cases we had a hypokyphosis, in 6 a normal kyphosis and in 9 a hyperkyphosis. In 8 cases we had a normal lordosis, in 11 a hypolordosis and in 4 a hyperlordosis. In 1 case we have a global T4-L4 kyphosis. In 8 cases there were also a (Figs. 2, 3 ). The mean fusion area included 13 vertebrae (range 6-19); in 17 cases the upper end vertebra was over T4 and in 11 cases the lower end vertebra was over L4 or L5. In 7 cases the lower end vertebra was S1 to correct the pelvic obliquity (Figs. 2, 3 ). Indications for fusion to the pelvis by iliac screws were given to nonambulatory patients with sitting unbalance and to patients who had curves including the pelvis and/or fixed pelvic obliquity. In 5 cases the severity of the deformity (mean Cobb's angle 84.2°) imposed a preoperative halo traction treatment. There were 5 anteroposterior and 19 posterior-only procedures.
Indications for posterior-only instrumented spinal fusion were given to patients affected by flaccid NMS due to Duchenne muscular dystrophy (DMD), to those whose cardiopulmonary function was not deemed suitable for a double approach, and to those skeletally mature patients whose deformities were flexible (above 50% correction on traction/bending films). Indications for anteroposterior spinal fusion were given, with the above exceptions, to patients featuring rigid coronal curves (below 50% correction on traction/bending films) and/or fixed pelvic obliquity, deficiency of posterior elements, and skeletal immaturity. Anterior instrumentation was used to correct fixed thoracolumbar and lumbar coronal and/or sagittal deformities whenever bone was judged of sufficient quality by the surgeon.
In 10 cases, with low bone quality, the arthrodesis was performed using iliac grafting technique while in the other (14 cases) using autologous bone graft obtained in situ from vertebral arches and spinous processes (in all 7 cases with fusion extended until S1, it was augmented with calcium phosphate).
Clinical and radiologic outpatients' follow-up was done at 3, 6, 12 months postoperatively and yearly thereafter with the modalities described above. Fusion and graft incorporation were routinely judged upon examination of posteroanterior and lateral radiographs. Oblique views and computed tomography scans were requested in cases of suspected pseudoarthrosis, loss of correction or implant failure.
Statistical analysis was performed by an SPSS program vers. 10 (Chicago, IL).
Results
Patients' functional levels and etiologies of spinal deformity, according to WHO International classification of impairment, activity and participation, are displayed in Table 2 [8] . Tables 3 and 4 summarizes the main radiographic data of the study. The mean correction of coronal deformity and pelvic obliquity averaged, respectively, 57.2% (min 31.8%, max 84.8%, P \ 0.05) and 58.9% (mean value preoperative, 18.43°; mean value postoperative, 7.57°; mean value at last follow-up, 7.57°, P \ 0.05). After surgery, the average major curve correction was 58.4% (min 31.8%; max 84.8%, P \ 0.05) in the hybrid group and 56% (min 34.1%; max 72.5%, P \ 0.05) in the all-hooks group, even if the 31.8% value scored in the first group is connected to a wound infection that required removal of all metalwork at 23 months postoperatively with partial loss of correction (Fig. 4) . No statistically significant difference about the major curve correction was according the different ages at surgery. The sagittal balance was always restored, reducing hypo or hyperkyphosis and hypo or hyperlordosis. Also in presence of a global kyphosis, we observed a very good restoration (preoperatory, 65°; postoperatory, 18°kyphosis and 30°lordosis, unmodified at last f.u. P \ 0.05). The thoracolumbar kyphosis, when present (33.3% of our group) was always corrected to physiological values (mean 2°, min 0°-max 5°, P \ 0.05).
Hypotensive anesthesia and autologous blood retrieval via cell-saver were used in all patients. Average preoperative hematocrit was 39.4% (range 30.3-47.7%, P \ 0.05).
The mean intraoperative blood lost were 2,100 cc (min 1,400, max 5,350, P \ 0.05) and the average operative time was 552 min (range 315-685 min).
No statistically significant difference about intraoperative blood lost and operative time were according the different ages at surgery. The average hospital stay was 25 days (range 12-65 days), and the median stay was 18 days. The average hospital stay for patients undergoing posterior versus anteroposterior spinal fusion was 20 days (range 14-71 days) versus 40 days (range 24-65 days), respectively, with a median hospital stay of 16 days versus 32 days, respectively.
Major complications affected 8.3% of patients, and included 1 postoperative death, 1 failure due to a wrong choice of the fusion area that required a caudal extension of the arthrodesis 6 years later, and 1 deep wound infection with associated pseudoarthrosis that required removal of all metalwork at 23 months postoperatively with partial loss of correction. Minor complications affected none of patients (Fig. 4) .
Discussion
The surgical management of neuromuscular scoliosis has often, in the past, been looked at with trepidation because of potentially lethal complications. Surgical procedures are difficult and not free of complications. With the introduction of segmental spinal instrumentation and improved postoperative care facilities, surgery is now considerably safer, and results are better and far more consistent. The deformity frequently presents as a long ''C'' shaped progressive curve incorporating pelvic obliquity and the management is complicated by numerous medical co-morbidities including poor bone quality especially in the pelvis. Other concerns include mobility and seating issues, skin condition, nutritional and elimination problems and respiratory and cardiac dysfunction. These issues must all be carefully considered in the preoperative evaluation of the patient as well as later in the course of treatment. They ideally involve a multidisciplinary team approach for effective management. The indication for surgery is a deformity that is causing functional problems, such as loss of sitting balance, difficulties with elimination, impingement of the rib cage on the pelvis or a progressive deformity that can be reasonably anticipated to cause such problems. Extensive surgery is often required to improve the deformity and to stabilize the vertebral column to the pelvis. Fixation to the lumbo-sacral junction remains a surgical challenge. In this study, in stiff scoliosis, an additional anterior multilevel discectomies were performed to maximize the flexibility of the curve; anterior and posterior approaches can be performed under 1 or 2 anaesthetic sessions. These combined procedures can achieve better curvature correction, decrease the incidence of pseudarthrosis, and prevent recurrent deformity through a circumferential fusion. However, the one-stage anterior-posterior procedures are associated with increased morbidity, a higher incidence of technical complications and a higher perioperative mortality rate. Therefore, patients with very severe deformities in the presence of concomitant medical problems, may have a lower risk of complications if the anterior surgery is performed a 7-10 days before the posterior procedure. The long-term outcome of spine deformity correction in NMS remains debatable.
Segmental instrumented spinal fusion with secondgeneration instrumentation (Luque-Galveston and unit rod constructs) has been considered the standard surgical treatment of neuromuscular deformity until 1990s, despite major complication rates reaching 40-50% in treated patients. Wimmer and colleagues reviewed their experience with the Luque-Galveston and the Isola instrumentations in 52 patients. They found comparable results in terms of correction. The Luque group had a scoliosis correction of 54 and a 64% correction in pelvic tilt, while the Isola group had correction of 57 and 63% improvement in pelvic tilt. They found greater correction in smaller curves (\60°) than in larger curves ([100°) in both groups [9] . Gaine and colleagues [10] have also reported similar corrections with the Luque-unit rod and Isola instrumentations in patients with DMD.
Vialle and colleagues [11] , using a hybrid system, reported a mean scoliosis correction of 62% in patients with CP. Westerlund and colleagues [12] reported a final correction of 66% using Luque-Galveston instrumentation.
Onimus in 1992 [13] reported comparable correction with Cotrel-Dubousset instrumentation and pelvic fixation with iliosacral screws underling that Cotrel-Dubousset (CD) and similar designs instrumentations, have changed the approach to the surgical treatment of all kind of scoliosis. They have virtually eliminated postoperative casts or braces and lowered pseudarthrosis rates in neuromuscular spinal deformity surgery.
We also achieved 57.2% improvement in Cobb's angle and 58.9% correction in pelvic obliquity, which is similar to published reports; our pseudoarthrosis rate (4.1%; 1 of 24 patients) detected at an average follow-up of 142 months (range 36-279), in this series, is in the lower range compared with previous reports on second-generation ISF, possibly due to the increased stability provided by third-generation instrumentation.
Teli and colleagues reviewed 56 patients operated using hybrid pedicle screw and hook systems. The pseudoarthrosis rate was 1.8%. That compares to rates varying from 1.5 to 10% for the unit rod and Luque-Galveston systems. The loss of correction of scoliosis, kyphosis, and lordosis in their series was 0-6% at follow-up. However, the loss of lordosis was more in patients who had posterior-only surgery [14] .
In NMS like in idiopathic scoliosis, the use of pedicle screw in lumbar curves allows to obtain better correction results versus conventional hook instrumentation and using also thoracic pedicle screws is possible to obtain also a shorter fusion length in thoracic curves.
Pedicle screws have the disadvantage of limited purchase in an osteoporotic spine. Larger diameters should be used and, preferably, all levels should be instrumented, which allows greater points of fixation as well as application of greater corrective forces, as underlined in Figs. 5, 6 . Pedicle screws also provide three-column fixation, which helps achieve greater correction of rotation. In our experience, halo traction is poorly tolerated and not so useful.
Sarwahi, Sarwark and colleagues, in comparing children with neuromuscular to idiopathic scoliosis, found frequent problems with the development of postoperative pneumonia (3.5 vs. 0.7%), respiratory failure (24.1 vs. 9.2%), urinary tract infections (5.3 vs. 0.7%), and surgical wound infections (1.3 vs. 0.3%). Complications of scoliosis surgery in children with neuromuscular scoliosis also include implant failure, gastrointestinal complications, and death. The complication rates vary from 44 to 80%, with a perioperative death rate of 0-7% [15, 16] .
Szoke and colleagues [17] described an 8.7% rate of postoperative wound infection; 7 of 15 were deep infections with 1 late infection that needed implant removal.
In our series major complications affected 8.3% of patients, and included 1 postoperative death, 1 deep wound infection with associated pseudoarthrosis, that required removal of all the instrumentation with lost of the correction, and 1 implant failure due to a wrong choice of the fusion area.
Our study shows that children with neuromuscular scoliosis have greater intraoperative blood loss than children with idiopathic scoliosis. Blood loss is correlated with the number of levels operated and the degree of pelvic obliquity. Multiple reasons are attributed by other studies to this increased bleeding, including poor nutritional status, venous pooling, impaired connective tissue function, and antiseizure medication, such as valproic acid which is known to decrease platelet count and factor VIII levels [18, 19] .
Brenn and colleagues studied 17 patients with cerebral palsy and compared them with 17 patients with idiopathic scoliosis. They found that children with cerebral palsy develop significant alterations in coagulation parameters early, although they had normal coagulation profiles. The baseline prothrombin time and partial prothrombin time, although within normal limits, were significantly higher in patients with neuromuscular scoliosis than in patients with idiopathic scoliosis. After 15% loss of blood volume, investigators found differences between prothrombin time, partial prothrombin time, maximum amplitude on thromboelastography, ionized calcium, and serum magnesium levels. Their report indicated that increased bleeding caused an apparent coagulopathy instead of transient hypercoagulable state seen in normal states. Children with cerebral palsy have increased bleeding that starts earlier in the procedure despite a normal coagulation profile [20] .
In our series average preoperative hematocrit was 39.4% (range 30.3-47.7%, P \ 0.05). The mean intraoperative Intraoperative complications related to pelvic fixation of the rod occurred in five patients. According to literature preoperative lumbar hyperlordosis was correlated with increased morbidity and a greater incidence of technical complications associated with the pelvic fixation.
Our present study supports these findings and we find using pedicle screw instrumentation could also be helpful obtaining better coronal as well as sagittal balance.
Limitations of the present study include the retrospective design and absence of an internal control group treated with second-generation implants, making comparison with other investigators' series of patients an absolute necessity from the point of view of operating time, blood loss, hospital stay, deformity correction, and complications.
Conclusion
The correction of severe and complex spinal deformity in patients with neuromuscular scoliosis has always been challenging and not without complications. Obtaining adequate fixation with the Luque-Galveston technique or unit rod technique can be difficult in patients with neuromuscular scoliosis who often have a porotic bone. These difficulties can be minimized by CD instrumentation that appears to provide good correction of deformity along with maintenance of correction at follow-up. Implant loosening has not been seen in our series and this may well be due to the increased construct stiffness produced by pedicle screws. The results from this study support our view that the CD technique is able to offer NMS patients improved quality of life through satisfactory and lasting correction of their spinal deformity, at the expense of a lower complication rate than that generally reported for second-generation segmental instrumented spinal fusion.
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